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[11 The recent decline in sea ice cover in the Arctic Ocean could affect the regional
radiative forcing via changes in sea ice—atmosphere exchange of dimethyl sulfide (DMS)
and biogenic aerosols formed from its atmospheric oxidation, such as methanesulfonic
acid (MSA). This study examines relationships between changes in total sea ice extent
north of 70°N and atmospheric MSA measurement at Alert, Nunavut, during 1980-2009;
at Barrow, Alaska, during 1997-2008; and at Ny-Alesund, Svalbard, for 1991-2004.
During the 1980-1989 and 1990-1997 periods, summer (July—August) and June MSA
concentrations at Alert decreased. In general, MSA concentrations increased at all
locations since 2000 with respect to 1990 values, specifically during June and summer at
Alert and in summer at Barrow and Ny-Alesund. Our results show variability in MSA
at all sites is related to changes in the source strengths of DMS, possibly linked to
changes in sea ice extent as well as to changes in atmospheric transport patterns. Since
2000, a late spring increase in atmospheric MSA at the three sites coincides with the
northward migration of the marginal ice edge zone where high DMS emissions from ocean
to atmosphere have previously been reported. Significant negative correlations are found
between sea ice extent and MSA concentrations at the three sites during the spring and
June. These results suggest that a decrease in seasonal ice cover influencing other
mechanisms of DMS production could lead to higher atmospheric MSA concentrations.

Citation: Sharma, S., et al. (2012), Influence of transport and ocean ice extent on biogenic aerosol sulfur in the Arctic
atmosphere, J. Geophys. Res., 117, D12209, doi:10.1029/2011JD017074.

1. Introduction

[2] The oceanic production of dimethyl sulfide (DMS)
results from a suite of abiotic and biotic processes involving
most components of the food web [Simo, 2001]. In the
Arctic, phytoplankton and ice algae contribute to the
production of dimethylsulfoniopropionate (DMSP), the pre-
cursor of DMS [Levasseur et al., 1994; Leck and Persson,
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1996; Gosselin et al., 1997]. Some DMS near the ocean
surface diffuses into the atmosphere or is ventilated by wave
action. Once in the atmosphere, DMS is oxidized to produce
sulfate and methanesulfonate (MSA) via SO, oxidation
pathway. MSA may condense onto atmospheric aerosol
particles. SO, may react with existing particles or it can be
further oxidized to H,SO,, which either condenses on exist-
ing particles or nucleates new particles [Kulmala et al.,
2007]. These sulfur components increase the size of parti-
cles on which they condense and generally increase the par-
ticle’s hygroscopicity, which enhances its CCN activity
[Petters and Kreidenweis, 2007]. Moreover, DMS oxidation
products formed further over the ice pack condense on the
locally produced soluble [Hawkins and Russell, 2010;
Russell et al., 2010] and insoluble [Bigg and Leck, 2008;
Ceburnis et al., 2008; Facchini et al., 2008; Hawkins and
Russell, 2010; O’Dowd et al., 2004] organic particles
formed from bubble bursting [Leck et al., 2002; Leck and
Bigg, 2005b] and from other oceans [Hawkins and Russell,
2010; Ceburnis et al., 2008; Facchini et al., 2008; O’ Dowd
et al., 2004; Bigg and Leck, 2008]. These organics that con-
tribute to the CCN activity are suggested to be exopolymer
secretions which are microcolloids and their gels [Leck and
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Figure 1. Polar stereographic projection of the Arctic region that exhibits different potential MSA source
regions and the relative locations of the three measurement sites: Alert in Ellesmere Island, Barrow in
Alaska, and Ny-Alesund in Svalbard. Various colors represent approximate regions included to determine

sea ice extent.

Bigg, 2005a], lipopolysaccharides [Facchini et al., 2008] and
biological sugars [Russell et al., 2010]. Charlson et al. [1987]
hypothesized that new particles formed from DMS oxidation
can impact climate by enhancing cloud reflectance (CLAW),
but there has been little evidence to support local feedbacks
as suggested by this hypothesis [Quinn and Bates, 2011].
Besides enhancing climate-related aspects of the aerosol,
MSA also serves as a tracer for oceanic sources of particles
and changes in MSA may reflect changes in the availability
of such sources.

[3] Since the decline in sea ice coverage in the Arctic
over the past decade [Serreze et al., 2007; http://nsidc.org/
arcticseaicenews], there has been a 22% increase in annual
primary productivity that has been attributed to a longer
phytoplankton growing season [Arrigo et al., 2008]. Mod-
eling results in Gabric et al. [2005] suggest that an increase
in DMS production would result from the retreat of the ice
cover and its accompanied increase in primary production.
Furthermore, analysis of stable sulfur isotopes in the aerosol
particles at Alert [Norman et al., 2005] suggests that the
biogenic component of sulfur in those particles increased by
14%, relative to the anthropogenic contribution, between
1993 and 2003.

[4] In the present study, we use 29 years of atmospheric
MSA measurements at Alert, 11 years at Barrow (Alaska,
USA) and 14 years at Ny-Alesund (Svalbard, Norway) to
document the changes in MSA concentrations and look for
evidence of trends related to variations in sea ice extent.
The connections of MSA to sea ice extent, atmospheric
transport patterns, and changes in source regions are explored
for the spring and summer periods, when phytoplankton

productivity in the source regions and MSA concentrations
at the measurement sites are the highest.

2. Method

[5] Alert (82°N, 62.3°W, 250 m asl) is located at the
northern tip of Ellesmere Island in the Canadian high
Arctic, Point Barrow (71°N, 156.6°W, sea level) is on the
northern coast of Alaska in the northwestern Arctic, and
Ny-Alesund (79°N, 12°E, 474 m asl) is in the northeastern
Arctic in Svalbard, Norway (Figure 1). Weekly integrated
samples of aerosol particles were collected on 20 x 25 cm?
Whatman 41D filters with no size cut at Alert; integrated air
volumes were approximately 16,000 m®. At Barrow, samples
were collected with a Berner-type multijet cascade impactor
with aerodynamic Dso cutoff diameters of 1 and 10 um.
Sample volumes of 43 m® to 172 m’ were collected
depending on time of year. Samples at Ny-Alesund were
collected at a flow rate of 1.3 m® min~' by a modified
Sierra-Andersen Hi-Vol cascade impactor in fine and coarse
fractions defined by <2.5 pum and >2.5 pm aerodynamic
D5 cutoff diameter. Analyses of several coarse size fraction
samples indicated that 90% or more of all MSA was in the
fine size fraction [Maenhaut et al., 1997]. Three samples
were collected per week for 2-2-3 day schedule giving total
volume between 3774 and 5616 m’. Some differences in
the MSA concentrations measured at the three sites may be
due to differences in the aerosol collection techniques and
size cuts.

[6] Samples from the three sites were analyzed for MSA by
ion chromatography. Details of the sampling inlet, handling
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Figure 2. Seasonal variation in MSA at Alert in ng m >
(red line), Barrow (blue line), Ny-Alesund (green line), black
carbon in ng m > (black line), and global solar irradiation in
W m~2 (yellow line) from 1980 to 2003 measured at Alert,
Nunavut. The standard deviation in the solar irradiance is
given by the shaded gray regions above and below the mean
curve indicative of the abundance of cloud cover during the
summer when MSA is higher.

procedures and chemical analyses can be found in Li and
Barrie [1993] for Alert, Quinn et al. [2002] for Barrow, and
Maenhaut et al. [1994, 2002] and Maenhaut [1997] for
Ny-Alesund. The variance in the data and the trends due to
methodology is minimal as similar stringent procedures have
been applied at all sites over the time periods used in this
paper. The detection limits for MSA concentrations are
0.15, 0.4 and 0.05 ng m > for Alert, Barrow and Ny-Alesund
samples, respectively.

[7] Transport was assessed by using 7 day back trajecto-
ries, calculated with the National Oceanic Atmospheric
Administration (NOAA) HYSPLIT model (available at http://
ready.arl.noaa.gov/HYSPLIT.php) at 925 hPa. A k means
clustering technique [Dorling et al., 1992], based on Euclidean
distance, was used to sort the 7 day air parcel backward tra-
jectories from 1980 through 2009 into four trajectory clusters
for each of the three sites linking back to the source regions as
shown in different colors in Figure 1. The source regions are as
follows: region 1, Bering (BRS)/Chukchi Seas (CS)/East
Siberian Sea (ESS); region 2, Kara (KS)/Barents Seas (BS);
region 3, Norwegian/North Seas (NNS)/Greenland Sea (GS);
and region 4, Baffin Bay (BFB)/Labrador Sea (LS). Plots of
Potential Source Contribution Function (PSCF) were gener-
ated using the method of Seibert et al. [1994]. This technique
associates 7 day back trajectories with MSA concentrations
based on the frequency of trajectories through each grid cell.
The value in each grid cell then represents the trajectory
weighted mean MSA concentrations. The association of the
higher MSA concentrations at any site with the nearest open
water region was assumed to identify source regions with
greater potential for DMS production. Sea ice concentrations
data sets were obtained from the NOAA data center (http:/
www.cdc.noaa.gov/data/gridded/data.noaa.oisst.v2.html).
Decadal variations in MSA and the parameters that influence
MSA concentrations were assessed. These reporting periods
were determined from the seasonal cycle in MSA observations
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and the decades were determined by the changes in trends in
the MSA concentrations at Alert.

[8] Sea ice extent was estimated by combining grid cells
with sea ice greater than 15% over different areas (north of
70°N, BFB, NNS, BRS/CS, and KS/BS regions highlighted
in Figure 1); values less than 15% are assumed to be open
ocean (http://nsidc.org/seaice/data/terminology.html). The
uncertainty in the extraction of sea ice data is +15-20%
during the summer and +10% during the spring and fall
(T. Agnew, personal communication, 2010). The marginal
ice zone (MIZ) doesn’t have a clear definition as this is a
boundary between the open ocean and totally ice-covered
ocean. In previous studies, it has been considered as a region
with less than 40% ice cover [Matrai and Vernet, 1997]. A
more detailed breakdown also has been used as in Leck and
Persson [1996] where the Inner Ice Edge Zone (IIEZ) was
defined by less than 40 to 80% ice cover. In this study, any
region with sea ice extent of less than 60% is defined as the
Marginal sea ice Zone (MIZ), an area known for its recurring
algal blooms [Perrette et al., 2011] and high water DMS
concentrations [Leck and Persson, 1996]. These blooms
extend several hundred kilometers toward the open water
from the ice edge [Leck and Persson, 1996; Perrette et al.,
2011]. At higher latitudes, close to the permanent sea ice,
the MIZ is found to be up to 1.5-2 times more productive
than open water [Perrette et al., 2011]. Our Seibert analysis
was adjusted by applying a DMS concentration weighted
function along the trajectory pathways as follows: (1) a DMS
source function of zero was applied over the frozen surfaces
for sea ice extent greater than 60% and (2) a factor of 1 was
applied to the Seibert output for sea ice extent less than and
equal to 60%.

3. Results

3.1.

[9] The results in this section are grouped into three time
periods based on the seasonal cycle in MSA for the following
periods: April-May (generally corresponding to the spring
algal bloom at middle and high latitudes), June (transition
period), and July—August (summer period).

[10] The seasonal cycles in MSA at the three sampling sites
are presented in Figure 2. MSA concentrations peak on
average at 10 ng m™ ~ in the spring (April-May) at Alert (red)
and at 20 ng m > in the summer (July—August) at Barrow
(blue) [see also Li and Barrie, 1993; Quinn et al., 2007]. At
Ny-Alesund, the increase in MSA concentrations (green)
occurred in late March, MSA remained elevated from
beginning of May until mid-July; and declined faster than at
the other two sites [Maenhaut et al., 1997]. On average, MSA
levels were 2.5 and 5 times higher at Ny-Alesund than at
Barrow and Alert. The increase in MSA in the spring and its
decrease in the fall are coincident with the seasonal cycle of
solar irradiance (indicated by yellow line in Figure 2) at the
sites. MSA is produced through the photochemical oxidation
of DMS during the spring and summer by OH as well as by
halogens such as BrO radicals that are more abundant in the
Arctic springtime [von Glasow and Crutzen, 2004]. MSA
levels peak at all three sites during April-May when transport
from midlatitudes is in decline; the decline in midlatitude
transport is represented here by the measurements of black
carbon (BC) (anthropogenic indicator) at Alert [Barrie, 1986;

Seasonal Variation in MSA
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Figure 3. Weekly MSA at all locations (gray circles) and five-point running average (red line) of mean
MSA concentrations for (a, d, g) April-May, (b, e, h) June, and (c, f, i) July—August at Alert from 1980
to 2009, Barrow from 1997 to 2008, and Ny-Alesund from 1991 to 2004. Increasing MSA concentrations

are evident at all sites since 1998 in July—August.

Sharma et al., 2004]. A second peak in MSA occurs at all
sites, most notably Barrow and Alert, during the summer
months (July and August). At Alert, the summer peak is
representative of local MSA sources, while the spring peak is
influenced by MSA from generally more distant sources
[Li et al., 1993].

[11] Boundary layer height is potentially an important
consideration when comparing atmospheric MSA con-
centrations between sites. Low-level inversions (<200 m) can
form over Arctic ice and open water, which will affect the
degree of coupling between surface DMS emissions and
sampling sites at Ny-Alesund and Alert which are both a few
hundred meters above sea level. Boundary layer estimation in
the Arctic is an active area of research and is beyond the
scope of this paper. However, an examination of ozonesonde
data from the World Ozone and UV Data Centre (WOUDC)
(available at http://www.woudc.org/) and radiosonde data
from the Integrated Global Radiosonde Archive (IGRA)
(available at http://www1.ncdc.noaa.gov/pub/data/igra/),
using several methods of estimating boundary layer height
[Seibert et al., 2000; Seidel et al., 2010] shows no

significant trends after 2000 at any of the three sites, nor do
the interannual variations appear to correlate in any way
with the variations in MSA observed (results not shown
here).

3.2. MSA Time Series

[12] MSA concentrations displaying five-point running
mean at Alert, Barrow, and Ny-Alesund for the months of
April-May, June, and July—August are shown in Figure 3.
Although the time period is short with 29 years of MSA
data only at Alert, there are significant changes in observed
MSA as determined by this analysis. MSA concentrations at
Alert appear to have decreased from 1980 to 1989 and
subsequently increased again after 2000. However, the
changes in MSA during 1980-1989 were only significant
for the July—August time period with decreasing trends of 4%
yr ! (p = 0.025), consistent with Li et al. [1993]. Over the
period 1991-1997, MSA concentrations showed little change
during April-May but decreased in June by 9% yr '(p =
0.025). From 1998 to 2009, MSA concentrations increased at
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Table 1. Averaged (+1 SD) and Median MSA Concentrations for April-May, June, and July—August Periods at Alert, Barrow, and
Ny-Alesund Separated by 1980-1989, 19901999, and 2000-2009*

MSA (ngm ) + SD

April-May June July—August
Mean Median A (%lyr) Mean Median A (%lyr) Mean Median A (%lyr)

Alert

1980-1989 14+9 12 NS 11+7 11 NS 11+7 11 —4.2°

1990-1997 10+6 8 NS 7+5 5 —9° 8+ 4 8 NS

1998-2009 12+ 10 10 NS 8+ 6 6 +7° 10+7 9 +4.5°
Barrow

1998-2009 6+8 4 NS 19 £ 8 15 NS 20 + 20 14 +8.3¢
Ny-Alesund

1991-1997 37 +37 25 NS 56 + 49 48 NS 26 + 24 19 NS

1998-2004 42 +33 38 NS 43 £ 18 18 NS 42 + 47 27 +7.3°

Significant changes in MSA since 1998 are also evident in July—August at all locations.

®Significant to 0.025 level (¢ test).
“Significant to 0.1 level (¢ test).

the rates 7% yr~ ' and 4.5% yr~ ' during June and July—August
(both p = 0.025) at Alert, respectively.

[13] At Barrow, MSA concentrations exhibited no sig-
nificant change during the April-May and June period. In
July—August, there was an overall change of 8.3% yr ' at
90% significance level (p = 0.1) from 1998 to 2008. Quinn
et al. [2009] showed an increase of 13% yr~' from 1998 to
2008 at Barrow for combined MSA data from July to
September, which is consistent with the results presented
here. However, we note that in the time series of MSA at
Alert and Barrow there are no clear changes in MSA con-
centrations associated with the largest decline in the sea ice
extent which occurred in September 2007. Usually MSA
levels are low by September as the solar irradiance is
close to its minimum (see Figure 2).

[14] At Ny-Alesund, increases in mean MSA concentra-
tions are evident since 1998 at this site, with a significant
increase of 7.3% yr~' (p = 0.025) in July—August. All MSA
data from the three sites are also presented in Table 1
showing averaged MSA concentrations with standard

deviations and median values. Trends are shown only where
they are statistically significant.

3.3. Determination of Dominant Air Pathways
From Trajectory Analysis

[15] The dominant air pathways from the potential MSA
source regions to the measurement sites are summarized in
Table 2. Four clusters were generated from 7 day back tra-
jectories for the three decades at Alert, for the 2000-2009 at
Barrow and for the 1990-1999 at Ny-Alesund. In all three
decades, the dominant air pathways during spring and sum-
mer at Alert are from region 3 (NNS). In comparison to the
1980-1989 period, there is a 10% decrease in the frequency
of trajectories at Alert from region 3 (NNS) corresponding to
an increase from region 1 (BRS/CS/ESS) during the 1990—
1999 period. During 2000-2009, Barrow is predominantly
influenced by air pathways from the direction of regions 1
(BRS/CS/ESS) and 4 (BFB). At Ny-Alesund, the highest
frequency of trajectories for the 1990-1999 period is from
region 2 (BS/KS) in the spring and region 3 (NNS) in the

Table 2. Decadal Percent Frequencies of 7 Day Back Trajectories Arriving at Alert, Barrow, and Ny-Alesund From Four Clusters That

Include the MSA Source Regions in the Spring and Summer®

7 Day Back Trajectory Cluster Analysis®

Percent Frequency From Cluster

P”mar_y 1980-1989 1990-1999 2000-2009
Production
Region Location (g Clem?)° Site Apr-May Jul-Aug Apr-May Jul-Aug Apr-May Jul-Aug

1 Bering Sea (BRS) and Chukchi Sea (CS) >230 Alert 14% 20% 25% 35% 20% 24%
Barrow 38% 47%

East Siberian (ESS) 20-40 Ny-Alesund 21% 15%
2 Barents Sea (BS)/Kara Sea (KS) 20-200 Alert 19% 18% 17% 18% 16% 15%
Barrow 28% 29%

Ny-Alesund 42% 25%
3 Norwegian/North Sea (NNS) 80-150 Alert 49% 35% 38% 23% 45% 36%

Barrow

Ny-Alesund 25% 44%
4 Baffin Bay/Canadian Shield (BFB) 60-120 Alert 17% 27% 20% 24% 20% 24%
Barrow 34% 24%

Ny-Alesund 12% 16%

“Primary productivities in the source regions of MSA that are also high in water DMS [Lana et al., 2011] are also given.
®Four clusters were generated from 7 day back trajectories by using the Dorling et al. [1992] technique.
“Primary productivity in different source regions of MSA [Hunt et al., 2002; Loeng et al., 2005].
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Figure 4. The 7 day back trajectory weighted MSA concentrations (weighted Seibert analysis plots) for
April-May and July—August show changes in potential MSA source regions at Alert for (a) 1980-1989,
(b) 1990-1999, and (c) 2000-2009; at Ny-Alesund for (d) 1991-1999 and (e) 2000-2004; and at Barrow
for (f) 2000-2008. A DMS source function of zero was applied when sea ice concentration was >60%, and
one was applied for sea ice concentrations <60%. The movement of the ice edge (50-60% sea ice extent,
green ed%e) is apparent especially in the western part of the Arctic in Figure 4c. The unit for color coding

is ng m

summer. Decadal comparison of the % frequencies in the
4 clusters is not possible for Barrow and Ny-Alesund due
to shorter time series of MSA data at these sites.

[16] Inventories of seawater DMS are limited in the Arctic
region [Kettle et al., 1999; Leck and Persson, 1996]. Recent
reconstitution of the Kettle et al. [1999] DMS inventory with
inclusion of new DMS measurements generated an updated
climatology of surface DMS concentrations [Lana et al.,
2011]. The new climatology gave a range of 1-7 nM sur-
face water DMS with higher concentrations in the oceans
occurring in the higher latitudes with a generally increasing
trend in DMS seawater concentrations during the summer.
These reported higher DMS concentrations in regions labeled
as Atlantic Arctic (ARCT), Atlantic Subarctic (SARC) and
Pacific sub-Arctic Gyre (PSAE) in Lana et al. [2011]
corresponding to the areas with higher annual mean primary
productivity as given in Table 2.

[17] The MSA weighted Seibert plots in Figure 4 give an
indication of source regions corresponding to high MSA
levels. During the decades of higher MSA concentrations
(1980-1989, Figure 4a; 2000-2009, Figure 4c), the 7 day

back trajectories reaching Alert crossed regions of typically
higher primary productivity (Table 2) and DMS concentra-
tions [Lana et al., 2011]: regions 2, 3, and 4 (BS, KS, GS,
NNS, BFB as well as the Arctic region NE of Greenland
[Perrette et al., 2011] and the open Atlantic Ocean). During
the decade of lower MSA concentrations (1990-1999), the
weighted Seibert analysis suggests lower MSA source
strength in the regions such as GS during the spring and GS/
NNS during the summer than in the flanking decades, and
that the main MSA source regions were the regions 2, 3,
and 4 (BS, NNS, LS and BFB), consistent with the major
changes in the direction of trajectory (Table 2). Higher
MSA concentrations were measured at Ny-Alesund from
the direction of same source regions that influenced Alert
(Figures 4d and 4e). The sparseness in the Seibert analysis
for 20002004 (Figure 4¢) at Ny-Alesund is due to using
only 4 years of data but the analysis indicates the same
source regions as 2000-2009 at Alert (Figure 4c). During
the spring and summer, Barrow shows a higher tendency of
MSA from region 1 (BRS/CS/ESS), Pacific Ocean and
region 2 (BS) (Figure 4f).
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Figure 5. Averaged sea ice extent for April-May, June,
and July—August from 1982 to 2009. The red line indi-
cates five-point running averages of the sea ice extent
from 1982 to 2009. Small variations in the sea ice extent
are evident in April-May and June. The largest decline
in sea ice extent occurred in July—August after 2000, espe-
cially in 2007.
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3.4. Relationship to Sea Ice Extent

[18] During the 30 year period, the interannual variation in
the average Arctic sea ice extent is smaller during April-May
and June than the July—August period (Figure 5). A variation
of 6% in the amplitude from highest to lowest sea ice extent
was found for April-May and June. A decline in July—August
sea ice extent is observed from the 1980s to early 1990s,
followed by a recovery in the mid-1990s. This is followed by
a more rapid decline in July—August sea ice extent than in
April-May and June after 1998. The largest decline in the
sea ice extent of 4% was found in April-May and 12.5% in
July—August since 1998.

[19] Plots of MSA concentrations versus averaged sea ice
extent for the region north of 70°N are shown in Figure 6,
with regression (r) and significance of regression p for all
data separated by April-May, June, and July—August and
color coded by decade. To increase the number of data
points, MSA and sea ice extent data from individual months
were considered in the regression; i.e., monthly averages of
April and May were used separately in the April-May period.
The regression lines in Figure 6 corresponded to all data from
1980 to 2009. Significant regressions exist for p < 0.01. At
Alert, there is a significant negative correlation between
MSA and sea ice extent for the spring data that includes all
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Figure 6. Regression correlations among MSA concentrations at (a) Alert, (b) Barrow, and (c) Ny-
Alesund and sea ice extent north of 70°N for the three periods. Here r is the correlation coefficient
and p values indicate, e.g., chance of the existence of a correlation (¢ test with two-tailed distributions

with unequal variance).
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decades. Results at Alert also show strongest negative cor-
relations of MSA with increasing sea ice extent (r = —0.8,
p < 0.017) for 2000-2009. During June, negative correla-
tions of the MSA concentrations at Alert with increasing
ice extent are significant and strongest for all data (r = —0.72,
p < 0.001). One interesting observation in July—August at
Alert is that although the overall correlation is not significant,
there is a change in slope in the correlations from negative in
1980s (black circles) to positive in 2000s (green triangles).
Comparing the sea ice extent among the decades also indicate
that there isn’t a clear trend in the sea ice extent but lower sea
ice in the 1990s and 2000s as compared to 1980s.

[20] At Barrow, there is significant correlation between
MSA and sea ice extent only for the spring period. At Ny-
Alesund, MSA concentrations exhibit a negative correlation
with the sea ice extent in spring and June, and a positive
correlation in July—August during both decades.

[21] We further examined if the tendencies in MSA in
relation to sea ice extent were region specific. Sea ice extent
was determined for the potential source regions as depicted
by the Seibert plots in Figure 4 and Table 2. Results in
Table 3 confirm that for April-May and June periods, MSA
concentrations at all measurement sites are negatively
correlated (significant to p < 0.01) with the sea ice extent in
various source regions.

[22] MSA concentrations also were found to increase with
increasing sea surface temperature (SST), air temperature (T)
and decreasing wind speed (WS) for all source regions during
the spring (Table 3). Overall, during the summer, there were
no significant relationships. The exceptions to this were
significant increase in MSA with increase in sea ice extent
from region 2 at Alert during 2000-2008 and from regions 2
and 4 in the last two decades at Ny-Alesund (also shown in
Figure 6).

4. Discussion

[23] Since the three Arctic sites are far apart, they are
influenced by different source regions and transport pathways
which lead to differences in observed MSA concentrations. In
this section, we will discuss the factors that influence the
MSA concentrations at these locations including differences in
the seasonal cycles, trends in MSA and whether recent
increases in the MSA concentrations are related to recent
opening up of the Arctic Ocean.

4.1. Seasonal Variation in MSA at Three Sites

[24] The differences in the MSA seasonal cycles between
Alert, Barrow and Ny-Alesund (Figure 2) are attributable to
differences in source region influences, oxidizing potential
during atmospheric transport, boundary layer dynamics and
depositional losses. The seasonal cycle in MSA also corre-
sponds to that of the solar irradiance (yellow line shaded
with gray) as seen in Figure 2. Increase in solar irradiance is
associated with increase in DMS producing phytoplankton,
production of DMS in the ocean and exchange to the
atmosphere. Li et al. [1993] found a springtime correlation
between MSA at Alert and sea surface temperature anomalies
in the northern North Atlantic Ocean, suggesting that
springtime MSA at Alert mostly originates from the sub-
Arctic phytoplankton blooms. These sub-Arctic regions, that
include MIZs, are more productive [Perrette et al.,2011] and
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have been linked to strong DMS producing phytoplankton in
the spring [Turner and Liss, 1985; Lancelot et al., 1993; Leck
and Persson, 1996, Sharma et al., 1999]. However, source
regions influencing Barrow such as the North Pacific Ocean
and the frozen BRS/CS (Figure 4), have lower productivity
in March, which may explain the lag of one month in
springtime MSA at Barrow and Alert. The highest potential
DMS production in the Arctic Ocean occurs in spring and
summer, due to the reduction in ice and increased solar
insolation [Bouillon et al., 2002; Vallina and Simo, 2007]. A
plausible reason for a factor of 3 higher MSA during the
summer at Barrow than Alert is due to closer proximity to
productive MIZ in region 1 (BRS/CS/ESS) in the western
Arctic. In comparison to Alert and Barrow, highest MSA
concentrations were measured at Ny-Alesund as it is located
closer to the MIZ in the eastern Arctic, open North Atlantic
region and productive Nordic/Barents Seas. Ny-Alesund has
a milder climate than Barrow and Alert due to a dominant
southerly to southwesterly atmospheric transport in combi-
nation with warm Norwegian currents bringing water into
the archipelago and into the Barents Sea [Isaksson et al.,
2005]. A recent satellite image of the Barents Sea shows a
DMS producing phytoplankton bloom during the summer in
this region (http://www.sciencedaily.com/releases/2011/08/
110826085149.htm). Depositional losses in the Arctic are
lower during the spring and increase during the summer
due to higher scavenging by precipitation [Barrie, 1986].
Differences in the scavenging rates at these sites might influ-
ence the differences in MSA measured during the summer.

[25] Boundary Mixing Height (BMH) could play a role in
the seasonal variation of the atmospheric MSA concentra-
tions. Elevations of the three sites are variable with Barrow
at sea level, Alert at 250 m and Ny-Alesund at 474 m asl,
where Ny-Alesund site is above the boundary mixing height
most of the time in the spring [Nyeki et al., 2005] and within
the BMH during the summer. Warming of the SST and
atmospheric temperature would both tend to bring more
DMS/MSA up to the Ny-Alesund and the Alert sampling
sites with increasing boundary mixing heights, but less so at
Barrow which is at sea level. It can be also be said that a
reduction in concentration might be expected due to dilution
at the Ny-Alesund and Alert sites relative to Barrow, but this
would depend on sea surface and terrestrial temperatures,
and the difference between them, for each sampling period.
Instead, MSA concentrations at Ny-Alesund are consider-
ably elevated relative to Barrow and Alert implying it is
closer to a region of high productivity (and DMS).

4.2. Tendencies in MSA

[26] There are variations in the trends in MSA at Alert
with increasing trends since 1998 (Figure 3a). Lowest MSA
concentrations at Alert for 1990—1999 correspond to a slight
change in transport frequencies with a decrease in frequency
from source region 3 to an increase from region 1 (Table 2)
compared to other decades. Along with these changes in
trajectories, plankton records show reduced planktonic
abundance over the NNS region during the 1990s [Reid et al.,
1998] that could have resulted in lower DMS emissions and
thus MSA. The reduced planktonic abundance may have
been due to cooler and fresh water input with lower salinity
possibly linked to a shift in ocean circulation after 1988 and
changes in the North Atlantic Oscillation (NAO) [Dickson,
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1997; Dickson et al., 2000]. The Seibert plots (Figures 4a and
4b) also support this shift in source regions in the 1990-1999.
Higher MSA is associated with trajectories from region 3
(NNS and Labrador) during the spring and region 4 (BFB)
during the summer. There is a significant increase in MSA
since 1998 at this site in June and July—August (Figure 3a).
Since 2000, the % frequencies in the clusters of 7 day back
trajectories returned to 1980—-1989 values suggesting another
shift in the circulation (Table 2). Seibert analysis also sup-
ported higher MSA since 2000 from the same source regions
such as regions 2 (BS/KS), 3 (NNS) and 4 (BFB) as in 1980—
1989.

[27] Ten years of data at Barrow show a significant
increasing trend of 8.3% yr~ ' only in July-August. There is
significant increase in MSA concentrations from 1998 to
2006 but MSA levels decreased in 2007 to 2000 levels. The
trends in MSA at Barrow are different from trends at Alert
in the last decade as they are influenced by different source
regions. Figure 4f shows higher MSA corresponding to the
direction of region 1 (BRS/CS) and North Pacific Ocean as
potential source in spring and regions 1 and 2 (ESS/BS/KS)
and Siberian coast as a source in the summer.

[28] Although similar source regions (2, 3 and warm
Atlantic Ocean in Figures 4d and 4e) are found to influ-
ence Ny-Alesund and Alert, the largest change in MSA
trends since 2000 were found at Ny-Alesund due to its closer
proximity to the MIZ (Figure 4d). In comparison to Ny-
Alesund, the change in trends at Alert in 1998-2009 are
smaller as Alert is located farther away from the MIZ
resulting in enhanced total depositional losses. Air masses
from the source regions cover a large fetch over the frozen
Arctic Ocean before arriving at Alert.

[29] Other parameters such as T and SST at various
source regions have a positive influence on MSA con-
centrations at the three sites but MSA is negatively correlated
with wind speed. T and SST have increased in all source
regions from 1980 to 2009. It is difficult to distinguish which
one of the two is the likely cause for changes in MSA. Region
3 (NNY) is the warmest source region but the largest change
in T occurred in region 4 (Baffin Bay) where the air
temperature increased by up to 2.8°C in the spring and
0.9°C in the summer from 1980 to 1989 to 2000-2009
(Table 3). Air temperature also increased by 2.4°C and 0.3°C
during the spring and summer in the Barents and Kara
regions. Change in air temperature can affect the branching
ratio of MSA and sulphate from DMS oxidation by OH
radicals; a higher yield of MSA is obtained at lower tem-
peratures [von Glasow and Crutzen, 2004]. Trends in MSA
concentrations are not directly linked with the changes in air
temperature over the past three decades at Alert and in DMS
source regions (Table 3). In any case, the warming in air
temperature noted here would result in decrease in the MSA/
sulphate branching ratio by less than 13% [Bates et al.,
1992]. So the effect of T on MSA concentration is opposite.
This indicates that increase in T does not influence the trends
in MSA directly. Increase in T could influence the boundary
layer dynamics bringing up air masses to Ny-Alesund site.
MSA concentrations have increased at Alert since 2000. T in
turn can affect SST which is related to increase in the pro-
duction of DMS producing biota.

[30] Warmer ocean temperature has been previously
associated with higher MSA [Li et al., 1993] due to
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enhancement of DMS related phytoplankton production in
the source regions [O’Dwyer et al., 2000; Isaksson et al.,
2005]. In the last decade, the SST has increased in all
source regions during the spring and summer relative to the
1980-1989 period. Region 3 is warmest among all source
regions. The largest change in SST has occurred in the
summer during the three decades (0.9°C) in the regions 4
(Norwegian) and 1 (Bering/Chukchi seas) which may be the
regions supporting an increase in DMS source strength and
thus MSA since 2000 as indicated by the Seibert Plots.

[31] The dependence of MSA concentrations and trends on
wind speed is complex as winds not only control the depth of
the ocean upper mixed layer where DMS production occurs
but also DMS exchange from water to the atmosphere. Based
on studies of the open ocean, it would be expected that MSA
increases with increasing winds as the DMS fluxes increase
[Huebert et al., 2010; Nightingale et al., 2000]. However, in
this study the location where wind speed and MSA are
measured differs; winds are over DMS source regions. A
plausible reason is that surface seawater DMS concentrations
are generally higher under low wind speed conditions since
there is less mixing of the surface mixed layer. Over the three
decades considered here, springtime wind speeds have
increased in regions 2 (BS/KS) and 3 (NNS) which are
regions associated with higher MSA. This causes the
argument that increasing winds have not supported the
increasing trends in the MSA at all sites since 2000.

4.3. Influence of Sea Ice on MSA

[32] Ice cover not only limits DMS exchange between the
ocean and atmosphere, but also prevents production of
DMS producing biota [Clarke and Ackley, 1984]. When sea
ice retreats, more light is available to algal DMS production
and also facilitates sea to air exchange through the removal
of the ice barrier and potentially bubble bursting under low
and high wind conditions [Leck and Persson, 1996]. Strong
and significant correlations among the MSA measured at
the sites and sea ice extent (Figure 6 and Table 3) north of
70°N and from various source regions strengthen the
argument that MSA concentrations have increased with
decline in the sea ice extent during spring (April-May) and
June. Similar results were also found in the analysis of a
Svalbard ice core that suggested an increase in MSA
concentrations in association with decline in sea ice cover
[O’Dwyer et al., 2000]. In the current study, this relationship
breaks down in July—August as the MIZ moved northward.

[33] The change in sea ice extent north of 70° latitude is
small during April-May, but the MIZ moves progressively in
the period (Figures 4a and 4c); the northward progressions
are especially pronounced in the eastern Arctic in April-May
and in the western Arctic in July—August. Our results suggest
that the northern progression of the MIZ in the Arctic
contributed significantly to the negative correlations between
sea ice extent and MSA concentrations during April-May
and June. This was recently confirmed by a study based on
SeaWiFS imagery showing a synoptic-scale propagation of
ice edge phytoplankton blooms following the receding sea
ice [Perrette et al., 2011]. For the year 2007 when sea ice
concentration in the Arctic reached its minimum,
Perrette et al. [2011] showed that the melt season could
span from day 60 (1 March) in the Atlantic sector to
day 250 (7 September) at high latitudes with the majority of
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the melting occurring from June onward. We hypothesize
that by July—August the ice edge has receded sufficiently far
from areas of higher productivity such that any effect related
to the ice edge is lost. By August, the solar irradiance is on the
decline (Figure 2), decreasing the source strength of MSA as
conversion of DMS to MSA is a photochemical process in the
atmosphere. This may have resulted in the reversal in corre-
lation from negative to positive in 2000-2009 at Alert and in
the last two decades at Ny-Alesund (Table 3). At Barrow, the
lack of significant negative correlation of MSA to sea ice
extent in June and summer may reflect the transport from
more distant ice-free MSA source regions (e.g., North Pacific
Ocean) or by other environmental factors. To more
accurately take the complex influence of transport and
ice-controlled sources into account, a more detailed analysis
with an atmosphere-ocean-coupled model with dynamic ice
and a marine biogenic DMS source is needed.

5. Conclusions

[34] Our results suggest that the recorded variations in
MSA concentrations at Alert are linked to changes in DMS
emissions in the source regions and changes in the frequency
of air mass transport from source regions. As indicated by the
regression analysis, MSA concentrations have increased with
decreasing sea ice extent since 1998 during the April-May
period at all three sites and in June at Alert. However, there is
no such relationship for July—August when the ice extent
was lower. At Alert, the slope changed in the summer from
negative during the 1980-1989 period to positive during
2000-2008. A positive slope is also found in the strong MSA
correlations with the sea ice extent at Ny-Alesund during the
summer. This suggests that the increase in MSA in spring and
June is related to the northward progression of the DMS-rich
MIZ toward the measurement sites. By the summer, the MIZ
has moved north of the source regions that impact the mea-
surement sites and southward atmospheric transport is mini-
mal. Although seawater surface DMS concentrations may
still be high in August [Leck and Persson, 1996] in the local
source regions, the atmospheric conversion to MSA has slo-
wed due to decreasing solar irradiance (Figure 2). This may
have resulted in a positive correlation in MSA with decreas-
ing sea ice extent during summer at Alert and Ny-Alesund
(Figure 6). At Alert, the slope progressively changed from
negative during 1980-1989 to positive during 2000-2008.
No such relationship was evident at Barrow in June and
summer. A continued decline in the seasonal Arctic ice cover
and earlier northerly movement of the DMS productive MIZ
may result in increased DMS source strengths for the Arctic
atmosphere when the solar irradiance is at its peak. This
could lead to ice edge blooms propagating over much greater
distances as the melt season becomes longer. To predict the
impact of such an increase on cloud properties and radiative
effects, more knowledge of the relationships between biota at
the marginal sea ice edge, DMS in air and its oxidation to
MSA and sulfate is needed.
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